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Nowadays the prediction of structural deformation in crash applications relies heavily on finite element analysis (FEA). FEA is a commonly used tool to simulate structural deformation under external loads owing to its flexibility and accuracy. For example, it is heavily used in automobile industry for crash analysis to reduce the cost of repetitive expensive experiments. Apart from other factors such as the mesh size and boundary conditions, the accuracy of the simulation depends on the quality of the material properties input. Therefore, identification of the correct material properties is essential for reliable simulation output.
Tubular structures are commonly used as automotive crash components such as crash cans, bumper bars and door intrusion beams to increase energy absorption and reduce weight [1] [2] [3] [4] . The uniaxial tensile test of dog bone specimens is the most common and standard test method used to determine materials' properties. However, extracting standard test specimens from small diameter (15-75 mm) tubes is difficult because of the curvature of the tubes. One solution to this problem is to use a larger diameter tube with the same material and wall thickness to extract standard test specimens with a slight curvature. Another way is to perform the full section tensile test using a full-size tube section to obtain the tube's material properties [5] . Nevertheless, the material's properties determined from those tests are limited to the longitudinal (axial) direction of the tube. Determination of tube's material properties in transverse (hoop) direction is essential to simulate deformation in bending since the deformation of the structure takes place in both longitudinal and transverse directions.
Wang et al. [6] have developed a ring hoop tension test to determine the material properties in the hoop direction. They used two D-blocks inside the ring specimen, which forced the elongation of specimens only in the hoop direction. However, results were affected by friction and limited to thin tubes. Reddy and Reid [7] [8] [9] have introduced an analytical model for tube under lateral compression. They showed that the yield stress, elastic modulus and fracture strain of a tube could be obtained from lateral compression test data. Using analytical and experimental investigations of the effect of friction, Reddy and Reid [8] and Leu [10] reported that the friction had no effect on the load-deflection behavior during the lateral compression of tubes. This was attributed to the limited contact and absence of sliding between the loading device and the tube during the lateral compression test.
However, the material properties obtained from Reddy and Reid's analytical model [7] [8] [9] were not in the form of stress-strain curves, which are required along with other material properties as inputs for FEA. Due to the above facts, there is a great need for new methods that can characterize the material properties of a tube while overcoming the above drawbacks. Nemat-Alla [11] introduced an inverse method to reproduce the hoop stressstrain curve for a tube using lateral compression test data from Avalle et al. [12] , but he assumed arbitrary values for plastic modulus and dimensionless constant and used a nonlinear numerical technique to calculate the work hardening exponent n, which involved lengthy iterations and complex calculations. Xu et al. [13] introduced an adaptive inverse method to predict the work hardening coefficient and exponent of tubular material. They showed that material parameters for 304L stainless steel could be obtained with less than 2% error. Unfortunately, they did not mention how they obtained other properties such as yield stress, elastic modulus and fracture strain for their finite element simulation.
The aim of this study was to simplify the method introduced by Nemat-Alla [11] to determine material properties of a tube from inverse finite element analysis using lateral compression experimental data.
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A circular tube was laterally compressed between two flat, parallel and rigid platens. When the top platen moves down, the contacts between the two platens and the tube were initiated at points A and B as shown in Figure 1 . As the load increases, the contact regions flatten against the loading platen and the tube deforms as two circular arcs up to the elastic limit. When the load reaches the elastic limit, two plastic hinges are generated at points C and D. As the load continues to increase, the tube's vertical diameter decreases while plastic bending occurs at section CD. A typical load-deflection curve during lateral compression testing is shown in Figure 2 .
Reddy and Reid [9] established the analytical relationship, 'eqn (1)' between the yield stress σ y and limit load P l (i.e. the load at which large plastic deformation is initiated) of a tube under lateral compression as,
where, α = 1.0 if l ≤ xt(1 ≤ x ≤ 5) and α = 0.866 if l > 2r o . The limit load P l can be obtained by extending the elastic and plastic sections of the load-deflection curve and taking the intersection of the two extensions, as shown in Figure 2 . Typical load-deflection curve during lateral compression testing [11] .
DeRuntz and Hodge [14] used 'eqn (2)' to find the elastic deflection of a tube in lateral compression. The equation can be rearranged to obtain the modulus of elasticity E of a tube using elastic load P e and elastic deflection δ e from load-deflection curves as,
where, β = 1.0 for plane stress condition and β = 1 -v 2 for plane strain condition.
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Quasi-static lateral compression tests were performed according to AS 2505. 3-2004 [15] and ISO 8492 [16] standards. Experiments were carried out using a universal testing machine MTS (Model 819). The top platen ( Figure 3 ) was moved at a constant velocity of 0.05 mm/s to maximum displacements of 20 mm, 25 mm and 30 mm for tubes with outer diameters (OD) of 32 mm, 40 mm and 50 mm respectively. The reaction force and displacement data were recorded at a sampling rate of 10 Hz. A summary of tube geometries and properties determined from 'eqns (1-2)' are given in Table 1 .
Typical load-deflection curves of lateral compression testing were obtained and results for the three tests per diameter displayed good reproducibility, as shown in Figure 4 . Inverse finite element analysis was used to fit the FEA outputs with the experimental data in order to predict the stress-strain curve of tube material under lateral compression. Experimental load-deflection data and tube geometry were used to calculate the yield stress σ y and modulus of elasticity E of tube material using 'eqns (1-2)'. The relationship between σ y , E, k and n was derived using Hooke's law 'eqn (3)' and the power law 'eqn(4)'. Figure 5 shows the relationship between the two models graphically, where power law applies to the hardening part while Hooke's law applies up to the elastic limit of the material.
Hooke's law is defined as,
Power law is defined as,
At the yield point,
From 'eqn (5)' ε y = σ y /E and substituting into 'eqn (6)' yields,
The work hardening exponent n was initially set between 0 and 1 since the work hardening exponent of most metals falls within 0 and 1. The corresponding value for k was calculated from 'eqn (7)'. Predicted material constants n and k along with modulus of elasticity E were fed into the finite element model. The load-deflection curve generated from the simulation outputs was compared with the experimental data. The above process was repeated iteratively by changing the value of n in increments of 0.001 until the simulation output was in good agreement with the experimental data. The material parameters were considered optimum when the difference between experimental data and FEA outputs was less than 1%.
5. . R RE ES SU UL LT TS S A AN ND D D DI IS SC CU US SS SI IO ON N
Finite element analysis of tube lateral compression was performed using LS-DYNA [17] . Due to the symmetry of the tube, only a quarter of the tube was modeled ( Figure 6 ). The tube was modeled with fully integrated shell elements with IHQ = 6 in hourglass control. Power law isotropic plasticity material model, MAT_018, was used to model the tube material. The platen was modeled with MAT_020 as a rigid body due to its high modulus of elasticity and negligible elastic deflection compared to the tube. SURFACE_TO_SURFACE contact was utilized between the tube and the platen, and no friction was defined between them. Quasi-static movement of the platen was modeled using the PRESCRIBED_MOTION_RIGID command by activating the implicit solver in the implicit analysis. Mesh refinement study was carried out to find the optimum element size to increase the accuracy of the simulation. Four different mesh sizes of 0.25 mm, 0.5 mm, 1.0 mm and 1.6 mm were used to simulate the tube lateral compression. The effects of mesh size on the simulations of load-deflection curves are shown in Figure 7 . Fluctuations of reaction load were observed for mesh sizes of 1.6 mm and 1.0 mm while the other mesh sizes gave similar outputs with smoother curve. The computational times for each mesh size are shown in Table 2 . The analysis was done on a HP Z400 workstation with 64-bit Windows 7 operating system. A mesh size of 0.5 mm was selected as the optimum element size for the current study as it provided sufficient accuracy of simulation within reasonable computational time. Experimental data obtained from lateral compression test of aluminium AA 6060T5 tubes, shown in Figure 4 and Table 1 , were used to verify the proposed method. The yield stress σ y and modulus of elasticity E were calculated using 'eqns (1-2)'. The inverse finite element analysis of lateral compression was carried out until the simulated load-deflection curve showed good agreement with experimental data,as shown in Figure 8 . The final average percentage difference between experimental and FEA curves were 0.75%, 0.74% and 0.31% for 32 mm, 40 mm and 50 mm outer diameter tubes respectively. The optimized material properties are compared in Table 3 with those obtained from uniaxial tensile tests by Kinoshita et al. [18] and from lateral compression tests by Shen et al. [19] . It can be seen that the properties of tubes in the transverse direction vary with the tube diameter even though the tubes were made of the same material. The results may reflect some anisotropy in tube deformation behavior, or differences in the work hardening and heat treatment of the material due to the fabrication of the tubes to the various diameters.
The material properties obtained from uniaxial tensile test for AA 6060T5 tubes of 101.6 mm outer diameter and 1.6 mm wall thickness by Kinoshita et al. [18] were used to simulate the lateral compression of tubes used in the present study ( Figure 9 ). The average percentage difference between experimental and FEA curve were 14.84%, 1.39% and 10.56% for 32 mm, 40 mm and 50 mm outer diameter tubes, respectively. The lower discrepancy for the 40 mm diameter tube may be due to the similar work hardening coefficient k and exponent n obtained in this study and Kinoshita et al.'s [18] .
The above results show that the proposed technique is a simple and convenient method to obtain accurate material properties of tubes in transverse direction. In addition, the material properties obtained from this method could be used to simulate the bending of tubes where the occurrence of large plastic deformations is similar to lateral compression. 6 6. . C CO ON NC CL LU US SI IO ON NS S A simple method to easily characterize the material properties of a tube has been introduced. The method is based on lateral compression tests and inverse finite element analysis (IFEA). The method was applied to tubes of aluminium AA 6060T5 to predict the material properties. It was found that the yield stress, modulus of elasticity and the powerlaw, which represented the hardening part of the stress-strain curve determined by the proposed method, described the material behavior in the transverse direction with more accuracy than when using 472 Characterizing the Material Properties of a Tube from a Lateral Compression Test A AC CK KN NO OW WL LE ED DG GE EM ME EN NT TS S The support from CAST CRC through a postgraduate scholarship is acknowledged. The authors would also like to thank the technical staff at the Faculty of Engineering and Industrial Sciences for their help.
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